This paper deals with the discharge properties in low vacuum region of practical vacuum interrupter filled with SF 6 gas. In field, the vacuum interrupter inside the cubicle-gas insulated switchgear is surrounded by SF 6 gas. If the leakages occur, the surrounding gas may invade the vacuum interrupter and increase the internal pressure. Thus, the pressures are set at 1.3 Pa to 2.6 kPa to simulate the leakage. The measurement of discharge occurring inside the vacuum interrupter was performed with a photomultiplier tube. Figure 1 portrays the summarized plots of discharge rise time and discharge width against the vacuum degree of VI measured with PMT at applied voltage of 7kVrms. The rise time t r corresponds to 10% to 90% of the peak amplitude of the light intensity. The rise time and the width of the discharge in low vacuum of SF 6 gas are found to gradually reduce as the pressure going to exceed 50Pa and slightly reduce as the pressure exceeded 50Pa above. The result shows that two distinct types of discharge exist when the gas pressure of SF 6 varies from below 50Pa to above 50Pa. The result reveals that the discharge pulses below 50Pa of gas pressure have relatively larger rise time of 100ns and larger pulse width of 2µs order. When the gas pressure exceeded 50Pa above, the rise time depicts relatively smaller value of 10ns and pulse width of 0.1µs order.
This paper deals with the discharge properties in low vacuum region of practical vacuum interrupter filled with SF 6 gas. In field, the vacuum interrupter inside the cubicle-gas insulated switchgear is surrounded by SF 6 gas. If the leakages occur, the surrounding gas may invade the vacuum interrupter and increase the internal pressure. Thus, the pressures are set at 1.3 Pa to 2.6 kPa to simulate the leakage. The measurement of discharge occurring inside the vacuum interrupter was performed with a photomultiplier tube. Figure 1 portrays the summarized plots of discharge rise time and discharge width against the vacuum degree of VI measured with PMT at applied voltage of 7kVrms. The rise time t r corresponds to 10% to 90% of the peak amplitude of the light intensity. The rise time and the width of the discharge in low vacuum of SF 6 gas are found to gradually reduce as the pressure going to exceed 50Pa and slightly reduce as the pressure exceeded 50Pa above. The result shows that two distinct types of discharge exist when the gas pressure of SF 6 varies from below 50Pa to above 50Pa. The result reveals that the discharge pulses below 50Pa of gas pressure have relatively larger rise time of 100ns and larger pulse width of 2µs order. When the gas pressure exceeded 50Pa above, the rise time depicts relatively smaller value of 10ns and pulse width of 0.1µs order.
The result also shows significant difference in discharge characteristics compared with those in low vacuum of vacuum interrupter filled with air that we have investigated previously. Figure 2 depicts the summarization of the number of ions in avalanches as a function of pressure at 7kVrms for SF 6 gas compared with that in air. The result shows that the number of ions in avalanche has fulfilled the streamer criterion when pressure exceeding 50Pa for SF 6 gas compared with 660Pa for air.
Consequently, the relatively larger rise time, larger width and smaller magnitude of the dischrge light pulse can be attributed to Townsend-like discharge while the relatively smaller rise time, smaller width and higher magnitude of discharge are characterized by streamer-like discharge. The consideration on avalanche in SF 6 with discharge pulse rise time and width allowed discharge in VI above 50Pa to fulfill the streamer criterion formation. 
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This paper deals with the discharge properties in low vacuum region of practical vacuum interrupter filled with SF 6 gas. In field, the vacuum interrupter inside the cubicle-gas insulated switchgear is surrounded by SF 6 gas. If the leakages occur, the surrounding gas may invade the vacuum interrupter and increase the internal pressure. Thus, the pressures are set at 1.3 Pa to 2.6 kPa to simulate the leakage. The measurement of discharge occurring inside the vacuum interrupter was performed with a photomultiplier tube. From the result of the experiment, it is found that the pressure of vacuum interrupter below and above 50 Pa can be distinguished on the basis of the rise time, peak intensity and width of the discharge light pulse. The result reveals that the discharge pulses at pressures below 50 Pa have the relatively larger rise time of 100ns order, and larger pulse width of 2µs order. While, for pressures above 50 Pa, the rise time have relatively smaller value of 10 ns and pulse width of 0.1µs order. The result also shows significant difference in discharge characteristics compared with those in low vacuum of vacuum interrupter filled with air that we have investigated previously.
Keywords : vacuum interrupter, low vacuum, partial discharge, discharge light rise time, Townsend-like discharge, streamer-like discharge
Introduction
A vacuum circuit breaker (VCB) normally operated at the order of below 10 -4
Pa has excellent dielectric strength and an arc-quenching ability. Therefore, the current interruption performance depends directly on the gas pressure. The pressure in vacuum interrupter (VI) after long periods of operation may increase gradually. During the operation, when the gas pressure exceeds 2 Pa order, partial discharge may occur (1) . This situation leads to the interruption failure, causes a serious fault to the operation system and brings heavy losses to both manufactures and consumers. To minimize the number of accidents due to this failure, one way is to improve the reliability of VI. Another way is to monitor the performance of gas pressure. The estimation of gas pressure in VI after long period of service arises the interest for the users.
To acquire a good knowledge to development of estimating the gas pressure based on discharge, the study on discharge properties in VI is necessary. The study on discharge properties and emitted electromagnetic wave (EMW) spectrum in practical VI was conducted previously (2)-(4) . Continuously from previous works, this paper deals with the discharge properties in low vacuum region of practical VI filled with SF 6 gas. The VI in cubicle-gas insulated switchgear (C-GIS) is surrounded by the SF 6 gas and due to this reason SF 6 gas was utilized in this experiment in order to simulate the leakage of VI in C-GIS. Thus, the pressure of VI filled with SF 6 gas was varied from 1.3 Pa to 2.6kPa. The influence of the pressure filled with SF 6 gas on the basis of the rise time, peak intensity and width of discharge light pulses were investigated. In addition, the luminous emission of discharge was also observed at typical pressure of SF 6 gas.
Experimental Setup
In this experiment, the glass vessel was used for the better understanding of optical discharge properties. Note that the internal dimensions such as gap length between the rods (fixed and movable rods) and the shield were slightly different from the practical VI since the glass type VI was specially prepared for the experiment. Figure 1 shows the equivalent circuit of the experimental setup for closed contact condition. The closed contact condition was employed because in practical situation, VI was operated under closed contact of main electrode and it was only switched off (open contact of the main electrode) when over current flow occurs.
The experiment was performed under ac applied voltage. A transformer with 400V/50kV and 75kVA capacity was used as a power source and the applied voltage was measured at third winding of transformer.
A capacitance C 1 with the value of 3nF was connected to the secondary voltage of the transformer parallel with the VI. The value of 3nF was to simulate the cable length of 15m utilized in practical case which was 0.2µF/km. C s is a stray capacitance between the shield and the wall of C-GIS tank. The value of C s was estimated around 10pF and was calculated (using coulomb 3D electrostatic design software) to have a gap of 27mm between a grounded metal plate and the shield of VI.
The discharge occurring inside VI was measured with a photomultiplier tube (PMT) and the luminous of discharge was observed with an intensified charge coupled device (ICCD) camera. The PMT with the spectrum range from 300nm to 800nm was located 11cm from the VI, aimed at movable electrode side between the shield of VI and the bellows. The output of the PMT was connected to digital oscilloscopes with the sampling rate 20GS/s. The ICCD camera (C7772-2) with the spectrum range from 200nm to 800nm was pointed to the VI at 1.5m distance and the output was connected to a personal computer.
Experimental Result
The occurrence of the discharge inside VI was verified by the measurement of the discharge inception voltage. The result revealed that the discharge inception voltage varied depending on the gas pressure, depicting that the discharge was occurring inside VI.
The typical discharge light pulses measured with PMT at 7kVrms of 26Pa, 130Pa and 660Pa are shown in Figs. 2. Note that the discharge pulses measured with PMT has the same pulses measured with that current transformer (CT). From these results, two distinct pulse forms are produced as shown in Figs. 2 (a) and 2 (b), (c). Note that the discharge light pulse of 26 Pa has rare occasions of gradually decline of the fall times. It may consider due to the positive ions component which produced a photoeffect at the shield. However further investigation will be carried out in future. Figure 3 portrays the summarized plots of discharge rise time and discharge width against the gas pressure of VI measured with PMT at applied voltage of 7kVrms. The rise time t r corresponds to 10% to 90% of the peak amplitude of the light intensity (5) . The rise time and the width of the discharge in low vacuum of SF 6 gas are found to gradually reduce as the pressure going to exceed 50Pa and slightly reduce as the pressure exceeded 50Pa above. The result shows that two distinct types of discharge exist when the gas pressure of SF 6 varies from below 50Pa to above 50Pa. The result reveals that the discharge pulses below 50Pa have relatively larger rise time of 100ns and larger pulse width of 2µs order. When the gas pressure exceeded 50Pa above, the rise time depicts relatively smaller value of 10ns and pulse width of 0.1µs order.
Figures 4 show a typical luminous area of the discharge in low vacuum of SF 6 captured with ICCD camera at 7kVrms. The luminous areas of discharge are indicated in dashed circle line. In Fig. 4 (a) , an extremely weak luminous area of discharge in 26Pa seems to spread out from the both side of the shield and scatter over the glass wall of VI. The luminous area at this pressure corresponds to the discharge pulse shown in Fig. 2 (a) and is believed to have a criterion of Townsend-like discharge which is discussed in section 4. When the gas pressure exceed 50Pa and above, a slightly clear sustaining luminous area of discharge can be observed at the right side of the shield and at the vicinity of edge of the bellows as shown in Fig. 4 (b) , (c) and (d). These luminous areas have relatively smaller discharge rise time and width which are believed to be characterized by the criterion of streamer formation. Here the gap length at the occurrence of the luminous area between the bellows and the shield is taken into consideration to explain the streamer criterion in section 4.
Figures 5 and 6 illustrate the rise time of discharge in low vacuum of air obtained from the previous study (6) (7) pulses in vacuum interrupter at 7kVrms. These results show two distinct pulse forms. Figure 6 shows the discharge rise time as a function of pressure of air. It is apparent from the result that the rise time of discharge in low vacuum of air gradually reduces as the pressure exceeds 260Pa. The result shows that the discharge pulses below 260Pa have relatively larger rise time of 1µs order while for the pressure 660Pa and above have relatively shorter rise time of 10ns order. It seems that the rise time of discharge in SF 6 gas at pressure above 50Pa has the same value for air at pressure 260Pa and above. Fig. 7 shows the experimental results of discharge light pulse and discharge current pulse measured simultaneously with PMT and CT, respectively. The discharge light pulse depicts the same waveform as discharge current pulse. It is assumed that the number of photons dp(t) created between t and t + dt proportional to the number of drifting electrons n e as follows (15) , (1) where δ is the number of photons produced by one electron per centimeter. The proportionality between dp(t) and n e mean that the life time of the excited states is even smaller compared to the time constant of electron component. Consequently, the growth rate of electron can be considered equal to that of photons in avalanches.
Discussion
In addition, the time constant of the photon growth and the electron growth in the same single avalanche are considered the same under the low pressure of SF 6 gas. As described in section 3, the rise time of discharge light pulses decreases with the increase of the internal pressure of VI. The rise time of the discharge corresponds to the period of electron avalanche in the process of discharge extension in VI. SF 6 gas is highly electronegative and exhibits a strong electron attachment (8) (9) . The increase of the internal pressure of VI filled with SF 6 gas from 26Pa to 2.6kPa yields the increase of the electron attachment and increase in electronegativity. The increase of the electronegative may suppress the formation of electron avalanche, resulting in the decrease in rise time of discharge as shown in Figs. 2 (b) , (c) and Fig. 3 . This consideration is further substantiated by the diffusion of electrons during their ionizing progress in avalanche as expressed in the following equation 2), the suppression of the radius r is attributed to the decrease of t. The suppression of the electron avalanche also causes the reduction of residual space charges in the VI, resulting in the reduction of fall time which is smaller than the pulse width of the discharge. These considerations seem to agree with the explanations given by Okubo et al (10)(11) . From the experimental results shown in Fig. 4 (a) , the luminous area of the discharge in 26Pa seems to spread out from the both sides of the shield and scatter over the glass wall near the shield. The gap length between the rods and the shield is 1.1cm while the gap length between the main contact and the shield is 0.7cm. The schematic diagram of VI with the indication of gap length is shown in Fig. 8 . By utilizing the rise time constant t r of electron component as expressed in eq. (3) (9)(15 the ionization coefficient α was estimated. Note that υ e is the electron drift velocity and t r is the average rise time of the discharge obtained from the experiment. We assume that t r ≈ τ because it is confirmed from the experimental results that the assumption has a validity within 10% error. The υ e is deduced from the measurement of the duration of the electron component t w together with the gap distance d as following equation (9) In this paper, d is the gap length between the main contact and the shield and t w is the average of the discharge pulse width (the duration of electron component) obtained from the experiment as shown in Fig. 3 . The t w is assumed as a transit time of electron in avalanches which occupied almost the whole gap distance. Thus the streamer criterion may take place at only very small distance near the bellows when critical numbers of ion in avalanches achieve more than 10 8 ion pairs. From this assumption and by using the data from the experiments, α is estimated. The t r and t w have the value of 0.21µs and 2.51µs at pressure 26Pa, respectively. By substituting the value of t r and t w into Eqs. indicates that no criterion for streamer formation occur. The luminous area spreading out from the both sides of the shield (Fig. 4 (a) at 26Pa) may be due to the secondary effect associated with the positive ions by impinging on the shield which liberates secondary electrons.
On the other hand, the luminous area of the discharge shown in Figs. 4 (b) , (c) and (d) indicates the occurrence of the streamer-like formation. The occurrence of luminous area is observed between the edge of the shield and the edge of the bellows. The gap length between the edge of the shield and the edge of the bellows is 2.54cm. The average t r obtained at pressures 130, 660 and 1300Pa are 41.2ns, 17.2ns and 16.7ns, respectively. While the average t w at pressures 130, 660 and 1300Pa are 212ns, 132ns and 132ns, respectively. By substituting the values of t r and t w into Eqs. (3) and (4) with d= 0.7cm, α is estimated as about 7.4, 10.9 and 11.3 ion pairs/cm for pressures 130, 660 and 1300Pa, respectively. Therefore when d = 2.54cm, by using the Eq. (5), the number of ion pairs are 1.3 × 10 8 , 1.23 × 10 12 and 2.9 × 10 12 at 130, 660 and 1300Pa, respectively. These results show that ions in avalanches reach 10 8 and 10 12 which are at the lower limit of streamer criterion. This indicates that the number of ion in avalanches achieves 10 8 at very short distance which is near to bellows. These are relevant to optical images of the discharge shown in Figs. 4 (b) , (c) and (d). Corresponding to this situation it is more preferable to consider as streamer-like discharge. Figure 9 depicts the summarization of the number of ions in avalanches as a function of pressure at 7kVrms for SF 6 gas compared with that in air. The result shows that the number of ions in avalanche has fulfilled the streamer criterion when pressure exceeding 50Pa for SF 6 gas compared with 660Pa for air.
Moreover, Penning (13) and Van Brunt (14) also mentioned that the criterion for the streamer is reached when n e ≥ 10 8 electrons per avalanche. Raether (15) also referred to Penning and claimed that the velocity for a streamer is 10 7 to 10 8 cm/s. Likewise, M. G.
Danikas (16) claimed that the Townsend discharge has the number of electrons per avalanche less than 10 8 which agrees with the discussion above. Consequently, the relatively larger rise time, larger width and smaller magnitude of the dischrge light pulse can be attributed to Townsend-like discharge while the relatively smaller rise time, smaller width and higher magnitude of discharge are characterized by streamer-like discharge. These results agree with the definition given by F. H. Kreuger (17) and Ramachandra et al (18) .
Conclusions
The properties of discharge in low vacuum of VI filled with SF 6 gas were investigated. From the experimental results, the following conclusions were drawn:
(１) The discharge pulses at below 50Pa have relatively larger rise time of 100ns order, larger pulse width of 2µs order and lower magnitude compared with those obtained above 50Pa.
(２) The Townsend-like discharge was characterized for pressures below 50Pa while streamer-like discharge was characterized for pressures above 50Pa.
(３) The consideration on avalanche in SF 6 with discharge pulse rise time and width allowed discharge in VI above 50Pa to fulfill the streamer-like criterion formation.
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